Redox-active metallodithiolene groups separated by insulating tetraphosphinobenzene spacers.
Introduction
One of the defining characteristics of metallodithiolene complexes, both homoleptic and heteroleptic, is highly reversible redox chemistry that is associated with the dithiolene ligand(s). Scheme 1 illustrates the several redox levels that can, in principle, be accessed by a dithiolene ligand along with the intra-ligand bond lengths that are diagnostic of the redox state. 1, 2 Rather different behavior can be manifested by the same dithiolene complex in one redox state as compared to another, which creates possibilities for applications that exploit these property differences in an "on-off" way. Examples of these property changes are switching of coordination geometry as function of redox state 3 and binding of an exogenous ligand in one redox state but release of it in another. [4] [5] [6] [7] Breakthrough developments in the application of such compounds for smart or advanced materials will likely hinge upon an ability to execute the efficient synthesis of multi-component metallodithiolene compounds in a modular or stepwise Scheme 1. Redox states of a dithiolene ligand, with approximate intraligand C-S and C-C bond lengths indicated. Bond lengths are taken from the structures of [Ni(S2C2Me2)2] n (n = 0, 2-for (a) and (b), respectively, 1 and [Ni(Me2pipdt)2] 2+ (Me2pipdt = 1,4-dimethylpiperazine-2,3-dithione). 2 Figure 1 . Representative examples of multi-metal dithiolene complexes. 4 way with precise control of the spatial disposition or separation between such components. Figure 1 illustrates a representative variety of multi-metal complexes in which both dithiolene ligands and other "functional elements" are incorporated. [8] [9] [10] [11] [12] The other functional elements may be structural only, other redox-active centers, chromophores separate from or conjugated to the metallodithiolene moiety, or some combination of the foregoing. In an earlier report 13, 14 intended as a prelude to a well-defined set of metallodithiolene oligomers, we described the synthesis and properties of di-and trimetallic 1,2,4,5-tetrathiolatobenzene-linked complexes of the group 10 metals which employed chelating diphosphines as stable, capping end-groups (Figure 2a ). The dimetallic compounds displayed two well-separated reversible oxidation waves attributed to oxidation of the 1,2,4,5-tetrathiolatobenzene core to a 2,5dithiolato thioquinone. The oxidized forms of the compounds displayed a sensitivity that made isolation only possible with a noncoordinating tetraarylborate anion. The ready availability of several types of 1,2,4,5-tetraphosphinobenzene ligands posed the idea of inverting, for effect, the tetrathiobenzene bridge and capping diphosphine for tetraphosphinobenzene bridge and terminal dithiolene ligand ( Figure 2b ). As described in an initial report, 15 such compounds are redoxactive but with near concurrent oxidations of the dithiolene end groups. In this work, we follow upon that initial report with a detailed synthesis, structural, and electrochemical report of an Selected mono-metallic compounds have also been prepared and studied to assist interpretation of spectral and electrochemical data. The suite of compounds listed in Chart 1 and illustrated in Scheme 2 is the subject of this report, which provides an in-depth study of their structural, electrochemical and spectroscopic properties and clarifies the degree of tunability they offer for the design of weakly-coupled, reversibly accessible unpaired spins. Experimental General Considerations. Literature procedures were employed for the syntheses of 1,2bis(diphenylphosphino)benzene (dppb), 16 1,2,4,5-tetrakis(diphenylphosphino)benzene (tpbz), 17 disodium 1,2-dicyano-ene-1,2-dithiolate (Na2(S2C2(CN)2), Na2mnt), 18 4,5-dimethyl-1,3-dithiol-2-one, 19 4,5-bis(4-methoxyphenyl)-1,3-dithiol-2-one, 20 2,2-dimethyl-4,5-dicyano-1,3,2dithiastannole ([(mnt)SnMe2]), 21 2,2-dimethyl-4,5-bis(4-methoxyphenyl)-1,3,2-dithiastannole, 20 2,2-di-n-butyl-4,5-dimethyl-1,3,2-dithiastannole ([(mdt)Sn n Bu2]), 22 [Cl2M(dppb)] (M = Ni, 23 Pd 24 ), [NiCl2(dme)] 25 (dme = 1,2-dimethoxyethane), [Cl2Pt(μ-tpbz)PtCl2], 26 15 All other reagents were purchased from commercial sources and used as received. Solvents either were dried with a system of drying columns from the Glass Contour Company (CH2Cl2, n-pentane, hexanes, Et2O, THF, C6H6, toluene) or freshly distilled according to standard procedures (MeOH, CH3CN, 1,2-dichloroethane). 29 All reactions described below were conducted under an atmosphere of N2, while silica columns were run in the open air using 60-230 micron silica (Dynamic Adsorbents).
Syntheses.
[(mnt)Ni(dppb)], 1. The following procedure is a modification of a published preparation. 9 A mixture of [NiCl2(dppb)] (0.100 g, 0.17 mmol) and [(mnt)SnMe2] (0.75 g, 2.6 mmol) was dissolved in dichloroethane (30 mL) and refluxed with stirring for 2 h. The resulting reddishbrown colored solution was then cooled to ambient temperature, and the solvent was removed under reduced pressure. The residual solid was washed with MeOH (2 × 3 mL) followed by Et2O
(2 × 5 mL) and then dried under vacuum. Yield: 0.091 g, 81%. 31 [Cl2Pd(μ-tpbz)PdCl2], 9. The following procedure is a modification of a published preparation. 26 Rf = 0.94 in 10:1 CH2Cl2/THF. 31 
Results and Discussion
Syntheses. The period of intense, exploratory reactivity that marked the early beginnings of 3) to be an effective method of synthesis for this compound type. 32 Somewhat later, dialkyl tin dithiolene compounds, R2Sn(S2C2R'2), were found to be effective transmetallating agents for delivery of a dithiolene ligand to [MX2(PR3)2] (X = halide) in exchange for the two eq. of halide (Eq. 4). 14, 22, [33] [34] [35] [36] The dppb and tpbz ligands are readily generated from 1,2-difluorobenzene and 1,2,4,5tetrafluorobenzene by treatment with Na/PPh3 in liquid NH3. In one instance, the latter ligand was found to be adulterated with appreciable amounts of 1,4-bis(diphenylphosphino)-2,5difluorobenzene, which was identified by X-ray crystallography ( Figure S1 ). However, when this mixture was subjected to an additional treatment of Na/PPh3 in NH3, complete transformation to tpbz was observed. Isolation of pure tpbz is very much assisted by its modest solubility in CH2Cl2, which is effective in extracting and removing minor amounts of impurities.
The tetrahalide compounds 7-9 were readily prepared by procedures analogous to those employed for their mono-metallic counterparts. They are lightly colored and defined chiefly by their poor solubility, which is a consequence of their centrosymmetry and the surfeit of phenyl groups. They are modestly soluble in strongly polar solvents such as N,N-dimethylformamide and nitrobenzene, from which they tend to deposit crystals upon standing. undertaken to provide guidance in interpreting the properties of the dimetallic congeners.
Although compounds of the general type have been known, relatively few examples 9,37 with the dppb ligand have been described. All of these monometallic compounds are lightly colored and enjoy good solubility in chlorinated solvents such as CH2Cl2.
Structures. Crystal and refinement data for 1,4-(Ph2P)2-2,5-F2-C6H2 (Table S1 ) and for the monometallic and dimetallic compounds of Scheme 2 are summarized in the supporting information (Tables S2 and S3 -S6, respectively). These tables include data for additional crystal forms of 4, 7 and 17. Collectively, these data reveal a striking tendency for the dimetallic compounds to crystallize in monoclinic space group P21/c or its alternative setting P21/n. More often than not, the center of the tpbz ligand coincides with an inversion center such that half of the molecule is unique. Compound 12 differs from all the others by residing upon both a C2 axis and an inversion center, which results in only one fourth of the molecule being crystallographically unique. Although the idealized point group for all the dimetallic compounds is D2h, only 8 and 9 reveal a close adherence to this symmetry. Figure 3 illustrates thermal ellipsoid plots of selected representative compounds, a complete set of images with full atomic labeling being deferred to the supporting information ( Figures S1-S55) . Key metal-ligand and Gauged as the angle, θ, between S2M and P2M planes, the observed distortion angles are somewhat greater for the Ni compounds than for the analogous Pd and Pt complexes (Tables 1   and 2 ). The greatest value of θ, 23.8° is found for 17. Considering the compounds as a whole set, the distortion is as pronounced for the dimetallic dithiolene compounds as it is for the monometallic analogues. This greater tendency for square planar coordination by Pd and Pt, as compared to Ni is a general phenomenon and attributed to the greater ligand field stabilization experienced by the heavier metals. 38 Examination of the mono(dithiolene) bis(phosphine) complexes of the group 10 metals occurring in the Cambridge Structural Database shows a A second form of distortion in the dimetallic dithiolene compounds is a folding of the tpbz along the axes defined by two chelating phosphorus atoms such that the S2MP2 mean plane meets the P2C6 mean plane at a nonzero angle. These fold angles, φ, are shown in Tables 1 and 2 for all compounds. Because the tpbz fold angle does not disrupt planarity in the immediate environment of the metal atom, it occurs with a magnitude and frequency unrelated to the identity of the metal atom. The consequence of twisting of the S2M plane relative to the MP2 plane in conjunction with the folding within the bridging tpbz ligand is a surprising diversity of conformation among these dimetallic compounds. They may appear as gently undulating ( Figure   4a ), as folded into a "chair" conformation ( Figure 4b ), or bowed into a "boat" conformation ( Figure 4c ). The slightly varying distance between metal ions in these dimetallic compounds (Table 1 ) reflects these variable conformations. These distorted static structures in the crystalline state undoubtedly reflect packing forces and are not anticipated to be important in the solution phase even though they might be transiently sampled.
A pattern that emerges from the structural data in Tables 1 and 2 Table 2 ). This variation in differences of metal ligand bond lengths as function of metal is evident in related series of group 10 compounds whose crystal structures are available for comparison 10, 11, 39, 40 but, heretofore, has not drawn notice.
To assess the changing MO compositions that likely underpin these changing differences in M−Save and M−Pave bond lengths, gas phase optimizations were undertaken of [(pdt)M(dppb)] (M = Ni, Pd, Pt) by DFT at the B3LYP level of theory with typical basis sets. Table 3 summarizes optimized bond lengths and compares them with the corresponding averaged values from dimetallic tpbz-bridged compounds 14-16. Optimized metal-ligand bond lengths systematically exceed experimentally determined values by ~0.1 Å, as is typically found with the B3LYP functional. 41 Notably, the trend in Δ, the difference between M−Save and M−Pave is ( Figure 6 ). Confirmation of the 2enature of the process arises from, inter alia, comparison of the current amplitude to that seen for the analogous process in monometallic [(adt)Ni(dppb)] and from charge counting in a bulk electrolysis experiment. The minor variance of the potential as the identity of the metal ion is changed while the ligand environment is constant is also consistent with ligand-based redox chemistry. The potential at which oxidation occurs is nearly the same for R = Me and R = p-anisyl, indicating similarity in the magnitude of the electrondonating effect of these two substituents. Since they are less electron-rich and therefore modestly less effective in supporting the positive charge upon oxidation, the R = Ph compounds show a modest anodic shift of ~0.10 V for this first oxidation relative to the R = p-anisyl compounds ( Table 5 ). A point of contrast between the mdt compounds, 11-13, and those with aryl substituents, 14-19, is that the latter set supports a second reversible 2eoxidation in the range +0.49 -+0.79 V vs Fc + /Fc while the former does not (Figure 6c vs Figure 6a ). Potentials for the second oxidation in 11-13 were therefore obtained by differential pulse voltammetry ( Figures   S73, S76, S79) . A possible reason for the reversibility supported by 14-19 is a somewhat greater steric profile cast above and below the ligand chelate by the arene rings, as they are invariably canted by ~30° relative to the MS2C2 mean plane and protect the inherently reactive dithione that is created upon the second 2eoxidation.
In the cathodic direction, a reversible reduction is observed for 11-19 at ~-2.0 V vs Fc + /Fc that is assigned to reduction of the tpbz bridging ligand on the following collected bases: 1) The current amplitude is half that of the oxidation waves, indicating a 1eprocess arising from the unique fragment of these molecules; 2) The potential at which this reduction occurs is essentially invariant as both M and R are varied, indicating that it has a common assignment across 11-19;
3) This feature is not observed in the cyclic voltammograms for the mono-metallic dppb compounds 1-6; 4) A gas phase optimization of the geometry of 19 (Table S10 ) and inspection of its LUMO and LUMO+1 ( Figure S88) show them to be localized on the tpbz bridging ligand.
The reversible oxidations found for 14-19 contrast sharply with the electrochemistry reported for a series of dipalladium and diplatinum compounds with arene-1,2-dithiolate end groups and two bridging 1,2-bis(diphenylphosphino)acetylene ligands (Figure 7 ). 42 Two irreversible oxidation waves were reported, the first attributed to the arene-1,2-dithiolate ligand.
The irreversibility is likely the consequence of both poorer delocalization of the sulfur radical DMF, GC f a WE = Working electrode; b ir = irreversible; c Value obtained by differential pulse voltammetry; d r = reversible; e qr = quasireversible; f GC = glassy carbon. g Potentials estimated from differential pulse voltmmetry by width-at-half-height analysis as described by Richardson and Taube. 40 across the dithiolene chelate as well as greater exposure of the ligand radical to other processes such as dimerization or decomposition induced by the supporting electrolyte. Other compounds of the type but with dithiolene ligands (d-g; Figure 7 ) sustain a single reversible oxidation of the dithiolene ligands in the same manner as 11-13. 43 The cyclic voltammogram for 10, [(mnt)Ni(μ-tpbz)Ni(mnt)], is qualitatively very different from those of 11-19. Owing to its poor solubility in CH2Cl2, the voltammetry for 10 had to be conducted in N,N-dimethylformamide. No reversible oxidation is supported by 10 due to the very electron-withdrawing nature of the cyano substituents of the dithiolene ligand. In the cathodic direction, however, a feature is observed at ~-1 V that is obviously two highly overlapped and unresolved reduction waves occurring at close, but not identical, potentials ( Figure 6d ). The observations that the (mnt) 2ligand is fully reduced and that the potential for tpbz reduction occurs at somewhat more negative potentials in 11-19 suggest that these reductions be assigned as Ni II + e -→ Ni I processes. This assignment is plausible, as metalbased reduction has been noted previously in the dinickel compounds [(dppb)Ni(μtpbz)Ni(dppb)] 4+ , 44 [(mnt)Ni(μ-trans-dppee)Ni(mnt)] 45 and [(mnt)Ni(μ-trans-dmpee)Ni(mnt)] 45 (dppee = trans-1,2-di(phenylphosphino)ethylene, dmpee = trans-1,2di(methylphenylphosphino)ethylene). Because the physical separation of Ni II ions in 10 is appreciably smaller than the distance between the centroids of the redox-active dithiolene ligands in 11-19, the onset of resolution between the two reduction processes is expected. Differential pulse voltammetry upon 10 ( Figure S70 ) and analysis of the overlapped peaks by the width-athalf-height method described by Taube 46 provides an estimate of ~95 -100 mV as the true separation between these successive reductions. At more reducing potentials, two additional reduction waves are observed at -2.13 and -2.34 V and assigned as successive Ni I + e -→ Ni 0 reductions (Figure 6d ). The accumulation of negative charge manifests itself in greater separation between the third and fourth reductions even though they are attributable to otherwise identical processes. Corroboration of these assignments is found in the cyclic voltammogram of 1 (Table 5) , which reveals two highly reversible waves at -1.43 V and -2.22 V corresponding to the two sets of waves found for 10. Furthermore, optimization of the geometry of 10 in DMF solution and inspection of its LUMO and LUMO+1 show that they may be characterized as essentially metal-ligand σ* MOs involving the Ni dx2-y2 orbitals, although the LUMO has appreciable contribution from π-type MOs of the tpbz ligand as well (Table S11, Figure S89 ).
Electronic absorption spectra
Mononuclear compounds 4-6 show two features in the electronic absorption spectra below the onset of the π → π* transitions of the arene rings in the 300 nm region. The higher energy feature is an unresolved shoulder in the 330 -416 nm range, while the lower energy absorption spans a fairly broad energy range (390 -618 nm, Table 6 ). A time-dependent DFT calculation of the electronic absorption spectrum of [(pdt)Ni(dppb)] shows its lowest energy excitation to be a HOMO (dithiolene C2S2 π system) → LUMO transition. The LUMO is the σ* MO between Ni dx2-y2 and S/P p orbitals, as would be expected for the d 8 metal ion in a square planar field ( Figure   S90 ). The shift to higher energy for this transition as function of metal ion is consistent with the stronger ligand environment for the heavier metals and therefore higher energy for this σ* MO.
The calculated spectrum for [(pdt)Ni(dppb)] suggests that the higher energy shoulder at ~400 nm 27 for 4 and 5 is predominantly a pair of closely spaced dithiolene → dppb ligand-to-ligand charge transfer (LLCT) transitions (HOMO → LUMO+1, +2; cf. Table S12, Figure S90 ).
Time-dependent DFT calculations undertaken on [(pdt)Ni(μ-tpbz)Ni (pdt) ] (Table S13) suggest that the probable assignment of its two lowest energy absorptions is the qualitatively the 
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EPR Spectroscopy
The locus of the redox chemistry in this series is further probed by EPR spectroscopy. The in situ oxidation of 4 in dichloromethane produced an EPR spectrum consistent with a coordinated dithiolene radical bound to a Ni II d 8 central ion. The fluid solution X-band spectrum of [4] 1+ possess a binomial triplet splitting pattern from coupling of the electron spin to two equivalent 31 P (I = 1 /2, 100% abundant) nuclei of the dppb ligand ( Figure 10 ). Simulation yielded spin-Hamiltonian parameters giso = 2.0114 and Aiso = 3.5 × 10 -4 cm -1 , 47 and closely matches spectra recorded for analogous compounds. 48 It is noteworthy that the hyperfine coupling in [4] The fluid solution X-band EPR spectrum of [17] 2+ shows an isotropic line with less pronounced yet clearly visible 31 P hyperfine splitting ( Figure 10 ). The spectrum was modelled with giso = 2.0110 and Aiso = 1.75 × 10 -4 cm -1 on the basis of S = 1 coupling to four equivalent 31 P nuclei. 47 Most importantly, the 31 (Figure 10 ). This spectrum is generated by superposition of two mono-spin signals where the broadening and linewidth variations are caused by the weak dipolar couplingthrough space interactionof the two unpaired electrons localized to either end of the complex. Following the analysis applied to [18] In this approach, singlet-triplet transitions are completely neglected, which is justified as J′ >> hν and 31 P hyperfine interactions are absent in the experimental spectrum. An excellent fit was afforded with minute anisotropy, g = (2.010, 2.017, 2.007) and a vanishingly small zero-field splitting, D = -18 × 10 -4 cm -1 with negligible rhombicity, E/D = 0.005 ( Figure 10 ). A 31 P hyperfine interaction of A = (3, 1, 1) × 10 -4 cm -1 was included in the fit. The D-value is 20% larger than that determined for [18] 2+ of -15 × 10 -4 cm -1 , 15 matching the consistently larger 31 P hyperfine coupling for Ni complexes compared with the Pd analogues. Furthermore, a very weak forbidden "ΔMs = 2" transition between T,+1 and T, -1 triplet levels is revealed at g = 4.019 whose intensity is proportional to the magnitude of D (inset, Figure 10 ).
Since D owes its origin to the dipole interaction between the two dithiolene radicals, its value is a measure of the mean separation (r) of the two spin density distributions given by D = -between the two radicals, where the x-axis bisects the dithiolene and tpbz ligands. 50 The interspin distance is shorter than for [18] 2+ (r = 12.0 Å) because more unpaired spin is distributed to the Ni ions which reduces the separation between each barycenter in this spin-triplet. In addition, the interpsin distance is modulated by the distortion of the dimetallic complex which can bend and fold about the bridging tpbz ligand (Figure 4) . Such a phenomenon is occurring here as it leads to a distribution of the interspin distances that leads to the significant line broadening that obscures most of the fine structure in the spectrum of [17] 2+ when compared with the prominent fine structure in [18] 2+ . 15
Summary and Concluding Remarks
In this report, we have detailed the synthesis and physical characterization of a set of dimetallic group 10 compounds in which redox-active dithiolene ligands are separated at a welldefined distance by 1,2,4,5-tetrakis(diphenylphosphino) benzene, which has an insulating quality to it. These compounds (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) are accessible on a preparative scale by several distinctly different routes. Such related monometallic compounds as assist the interpretation of the properties of their dimetallic homologues have also been prepared. Compounds 11-19 support very reversible oxidation to dications which possess a degenerate singlet diradical triplet ground state.
The collective observations in this work bring a degree of clarity to the attributes of this system that may be manipulated, and with what effect, upon the stability of the separated spins and the potential at which they are generated. Use of aryl-substituted dithiolene ligands (R = Ph, p-anisyl) confers greater chemical stability to the system upon oxidation than does R = Me, as judged by greater reversibility in the cyclic voltammetry. This greater stability vis-à-vis Me is attributed to moderate protection of the MS2C2 chelate π system by a ~30° canting of the aryl substituent with respect to the dithiolene chelate ring, which projects at least a modest steric profile both below and above the chelate ring. The electron donating nature of the p-anisyl group relative to the parent phenyl group manifests itself in oxidation potentials that are ~90 mV less oxidizing for the first oxidation of 11-19 and ~220 mV less so for the second. Thus, use of an aryl substituent with still more electron donating character (e.g., Me2N-p-C6H4) may shift oxidation potentials to still milder potentials. Use of the (mnt) 2ligand removes accessible ligand oxidation altogether and instead enables near simultaneous metal-based reductions, albeit with greater coupling because of the smaller separation. This smaller separation could be offset, however, by deliberate oxidation of the tpbz ligand to its phosphine oxide and coordination to M II through oxygen rather than phosphorus.
The collected synthetic and structural work offered here emphasizes how very tractable these tpbz-linked molecules are toward scaled preparation, and handling in air, purification by chromatography and crystallization. These chemical characteristics may ultimately be essential to any practical application stemming from them. A considerable advantage to this general system is that the localization of spin on the organic dithiolene ligand brings the power and versatility of synthetic chemistry to bear for tailored effect. Furthermore, the localization of the spins to the S2C2 dithiolene chelate allows for a long coherence lifetime because these low Z elements do not have abundant natural isotopes with nuclear spin ( 13 C, I = 1 /2, 1.1% abundance; 33 S, I = 3 /2, 0.7% abundance). Minimization of contact of the electron spins with spin-active nuclei is crucial in generating long coherence lifetimes needed in quantum computing hardware. 51 In continuing work, we are examining the performance characteristics of these oneand two-qubit prototypes using pulsed EPR methods.
As a related vein of effort, we pursue the synthesis of elaborated, multi-metallic redox active
molecules devised from open-ended molecules of the sort [(S2C2R2)M(η 2 -tpbz)], which are readily prepared and purified in scalable fashion. Closed polygonal molecules whose vertices are redox-active metallodithiolene fragments separated from one another at well-defined distance are also being targeted. Judicious "modular" implementation of tpbz, metal ion, and dithiolene ligand allows for highly controlled synthesis such that variable molecule size and variable number and spatial disposition of spins can be systematically explored. Because the building components can be changed deliberately, the all-important spin coupling can be controlled by synthetic chemistry. These proposed compounds offer new, previously unconsidered possibilities for applications in molecular-based spintronic devices and quantum hardware that will be the subject of future reports.
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